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Abstract 
The integration of an aluminium plant and post-combustion CO2 capture has been investigated and the different 
integration possibilities have been evaluated technically and economically. The technology used for aluminium 
production is the Hall-Héroult and the current cell design necessitates that large amounts of false air is supplied to 
the cells. This results in a CO2 concentration in the process gas at around 1 vol%, which is considered uneconomical 
for CO2 capture. By increasing the CO2 concentration to 4 vol% implementation of CO2 capture becomes more 
likely and this is therefore the basis of the current investigation. Two integration tasks have been undertaken, one is 
placement and configuration of the post-combustion CO2 capture plant relative to the aluminium plant (160 kt 
CO2/yr), and the second is energy integration options for CO2 capture.  
The results showed that there is flexibility in placement and configuration of the capture plant as aluminium plants 
are likely to be stretched over large distances. The investigation of the energy integration options was based on the 
assumption that 85% of the CO2 produced in the aluminium production was to be captured. The benefit of utilizing 
waste heat from the aluminium production for use in CO2 capture was confirmed and it was found that 
approximately 65% of CO2 could be captured using waste heat. The additional energy needed for capturing the 
remaining 15% of the CO2 could then either be generated in an external energy plant, fired with coal, natural gas or 
biomass, or with electricity taken from the grid. The burning of fossil fuels in the energy plant results in increased 
CO2 generation which is also included for CO2 capture so that the assumption that 85% of the CO2 from the 
aluminium production was maintained. The results of the cost estimation showed there is some advantage to using 
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neutral biomass and that there is little difference in the capture cost between natural gas, coal and electricity. 
However, the final recommendation would be to include a natural gas fired energy plant as this is less complex than 
for coal and biomass and because available electricity could be limited. The most cost optimal solution was to 
capture approximately 65% using waste heat and buying CO2 quotas for the remaining 15% with the current EU 
ETS price.   
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Carbon capture and storage from the industrial sector is gaining interest. According to the International Energy 
Agency, the green house gas emissions globally must be halved by 2050. CCS is estimated to account for 19% of 
this reduction, where, 10% comes from the power sector and the remaining 9% from the industrial sector [1]. 
However, there are large variations between different industries in their suitability for CO2 capture and individual 
considerations are needed.  
Aluminium is a light-weight metal and the most widely used non-ferrous metal. The raw material of aluminium is 
bauxite from which alumina (aluminium oxide) is extracted. The current technology used for aluminum production 
is based on electrolytic smelting of alumina and the process is called the Hall-Héroult. Here, alumina is dissolved in 
molten cryolite (Na3AlF6, the electrolyte) and reacted with graphite (carbon) at a temperature between 950 – 980ºC 
in cells. The carbon acts as an anode (negatively charged) and is continuously depleted and replaced. The aluminium 
is deposited in pots lined with carbon. These acts as cathodes and are positively charged. The reaction equation for 
the reduction is 2Al2O3 + 3C + energy (electricity) ĺ 4Al + 3CO2. According to the equation, the process gas from 
aluminium production should mainly consist of CO2 but large amounts of air are supplied to the cells. This is to 
limit the temperature in the cell and thereby reduce the strain on mechanical and automatic components, as well as 
heat radiation exposure to the operators in the plant. The air supplied to the cells reduces the CO2 concentration in 
the process gas down to about 1 vol%. Hydro Aluminium [2], reports that approximately 13.5 kWh are consumed 
per kg aluminium produced. In Fig. 1, an aluminium production cell is illustrated.  
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Fig. 1. Illustration of an aluminium production cell. 
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In two previous articles [3, 4], a technical and economical assessment for post-combustion CO2 capture from an 
aluminium plant located in Norway was undertaken. The premise was that a CO2 concentration of 0.9 vol% is too 
low for economically feasible CO2 capture. The conclusion from this work was that an increase in the CO2
concentration from 0.9 vol% to 4 vol% would be beneficial from a CO2 capture cost perspective. Further increase to 
7 and 10 vol% gave very little added benefit. The cost of making these changes to the cell was not assessed as it was 
not part of the work. 
The current article looks into the integration between the CO2 capture plant and the aluminium plant. There are 
two major challenges for integration, one is the size of the aluminium plant and the other is energy supply to the 
capture plant. It is not uncommon for aluminium production plants to be elongated (500 – 1000 m long) and consist 
of several hundred cells. Such a layout can be a challenge when it comes to process gas collection for CO2 capture. 
Currently, process gas treatment is normally installed for recovery of valuable components and for removal of SO2
and dust. This necessitates that the process gas from a number of cells (at least a hundred) are collected for common 
treatment. This in turn means that there is likely to be a number of process gas emission points scattered over what 
could potentially be long distances. 
.
Nomenclature 
CAPEX capital expenditure  
CCS carbon capture and storage 
ETS emission trading system 
LHV lower heating value 
LNG liquefied natural gas 
MEA monoethanolamine  
OPEX operational expenditure  
WH waste heat 
2. Methodology and assumptions 
The basis for the technical and economical evaluation is an aluminium plant emitting 160 kt CO2 annually and 
with a CO2 concentration in the process gas of 4 vol% located on the west coast of Norway. Table 1 shows the 
process gas data that is used as the basis of the investigation. This includes the potential waste heat recovered from 
the process gas that can be utilized for CO2 capture.  
Table 1. Process gas data for energy integration. 
Process gas flow rate (kg/s) CO2 flow rate (kt/yr) 
Process gas flow rate 
(Nm3/h) Waste heat (MW) 
84.4 160 2 10.2 
MEA based CO2 capture from the aluminium process gas is simulated using Aspen Hysys. Here, the Peng-
Robinson equation of state is used to calculate thermodynamic properties and the amine package Kent Eisenberg is 
used to predict the Murphree efficiency in columns. 85% of the CO2 from the aluminium plant is captured, if not 
otherwise stated. 
The investment cost (CAPEX) calculations are performed using a detailed factor estimation method. The 
equipment costs are calculated using the “Aspen In-Plant Cost Estimator”. If all components are identified an 
investment estimate based on the detailed factor estimation method normally has an uncertainty of +/- 35% (80% 
confidence interval). A contingency (20%) is included in CAPEX. The cost data have reference year 2013. It is 
assumed that the CO2 capture plant built is nth of a kind (i.e. the technology is mature). The CO2 capture plant is also 
assumed built on an existing industrial site and that it is an extended part of the industrial facility already on the site. 
The basis of the cost estimations are process simulations. The CAPEX is estimated from equipment lists that are 
derived from these simulations. The operational cost (OPEX) is based on mass and energy flows in and out of the 
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plant per hour and is obtained from these simulations. The annual costs are calculated based on a utility price list. 
The calculations of captured cost (€/t CO2) are based on 7.5% rate of return and 25 years (1 year for construction 
and 24 years operation). 
3. Results and discussion 
3.1. CO2 capture plant configurations 
An aluminum production site is likely to cover a large, often elongated, area. The production cells are usually 
arranged parallel in rows inside a production hall. The distances could be hundreds of meters between the first and 
last cell row. In addition, there could be more than one production hall. Usually, when considering CO2 capture from 
an industrial site, one capture plant is foreseen located on the site. However, depending on the size of the area 
covered by the plant and the number of process gas emission points a distributed capture plant (more than one 
absorber and one common desorber) could be an option. The major advantage for this configuration is the shortened 
transport distance for the process gas. Process gas vents/channels are voluminous and relatively costly. However, the 
savings made are for the most part evened out by additional construction materials needed for the added absorbers 
and the longer transport distance for rich and lean amine circulated between the distributed absorbers and the single 
common desorber.  
Three CO2 capture plant configurations are investigated:  
a) Common configuration, absorber and desorber at the same location (end location) 
b) Common configuration, absorber and desorber at the same location (central location) 
c) Three absorbers evenly distributed and one desorber (end location) 
The configurations are illustrated in Fig. 2 and the results are shown in Fig. 3.  
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Fig. 2. a) Common configuration (end location), b) Common configuration (central location), c) Three distributed absorbers. 
Figure 3 shows how the cost of CO2 capture changes with the distance between process gas collection points for 
the three different configurations. In the cost estimation, utilization of waste heat has not been considered. All of the 
energy needed for regeneration of MEA is covered by steam bought at an assumed cost of 12.5 €/t. The results show 
6606   Anette Mathisen et al. /  Energy Procedia  63 ( 2014 )  6602 – 6610 
that for the two common configurations there are few differences up to 300 m. As the distance increases the central 
location configuration becomes gradually less costly than the end location. The distributed configuration breaks 
even with the end location configuration at approx. 800 m and with the central location configuration at 
approximately 1 000 m. Nevertheless, the differences in costs are relatively small regardless of configuration and 
factors other than cost will be more important when it comes to choice of configuration. The main one in this regard 
is available space for the CO2 capture plant on the existing site.  
Fig.3. Results of the estimated capture cost for the three different configurations. 
The same considerations are also likely to be adopted for the desorber location. Here, there are two additional 
aspects, process gas waste heat recovery and CO2 compression. In the common configuration cases the heat 
potentially will have to be transported over long distances and therefore a distributed desorber configuration would 
be preferable. On the other hand, this configuration might increase the cost of CO2 compression as several smaller 
compression facilities are relatively more costly than one large.  
3.2. Energy integration  
Post-combustion MEA capture is an energy intensive process. Steam must be supplied to the desorber reboiler to 
provide the heat for desorption of CO2. In addition, energy is needed for the process gas fans and CO2 compression. 
It is uncommon for industrial plants to have sufficient excess energy available for this purpose. This is also the case 
for the aluminium plant used in the current study. Waste heat can be extracted from the process gas through waste 
heat boilers and the amount that could potentially be recovered in this specific case is given in Table 1. The rest of 
the energy needed must be covered by other means, usually from a dedicated energy plant in order to reach a capture 
rate of 85%. At 85% capture rate the energy needed is approximately 3.5 MJ/ kg CO2 based on the Aspen Hysys 
simulation. This corresponds to approximately 1.6 kg steam/kg CO2. The total amount of energy supply needed to 
the reboiler is then 15 MW. The waste heat from the process gas can cover approximately 65% of the energy needed 
for 85% capture rate of the CO2 produced during aluminium production.  
The external energy plant must, in addition to providing the rest of the energy needed for the desorber reboiler, 
also provide the energy for process gas fan(s) and CO2 compression. This energy is generated by burning fuels in a 
boiler system. Super heated steam at 60 bar is produced. The superheated steam is utilized in steam backpressure 
turbines for operation of the compressors and fan(s). Afterwards, the pressure of the steam is reduced to 2.7 bar at 
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130 °C and utilized in the reboiler. The return condensate to the waste heat boiler has a temperature of 115 °C and 
60 bar. The operational temperature of the reboiler is 120 °C. 
The inclusion of an external energy plant will increase the overall CO2 load. In order to maintain a capture rate of 
85% of the CO2 produced in the aluminium plant, this CO2 must also be considered for capture. The effect of using 
different fuels, biomass (CO2 neutral), natural gas and coal, in the energy plant as well as electricity from the grid 
has been assessed from a cost perspective. In Table 2, the lower heating value (LHV) and associated CO2 emission 
factors are given for coal and natural gas. 
Calculations of the energy requirement for CO2 capture are performed using an Excel model of an energy plant 
where estimations of reboiler duty, process gas fan(s) and CO2 compression are included. The energy requirement of 
the process gas fan(s) and the CO2 compression is 2.75 W/Nm3 and 0.1025 kW/kg CO2, respectively. A boiler loss 
of 15% and a turbine loss of 2.5% (mechanical) are included. 
Table 2. Overview of energy supply options [5, 6]. 
Energy source CO2 emission factor CO2 emission factor 
Lower heating value 
(LHV) 
Cost 
Coal1 2.8 kg CO2/kg 0.36 kg CO2/kWh 29.8 MJ/kg 67.5 €/t 
Natural gas (LNG) 1.91 kg CO2/Sm3 0.2 kg CO2/kWh 34.2 MJ/Sm3 0.25 €/Sm3
Biomass2 - - 14.8 MJ/kg 75 €/t 
Electricity (hydro 
power) 
- 0 kg CO2/kWh - 0.05 €/kW 
‘1Resembles a good quality bituminous coal type with carbon content of 87% on a dry ash free basis. 
2The carbon content of the biomass is 51.5% with a moisture content of 20%.  
In Table 3, the advantages and disadvantages of the different energy source options are presented.  
Table 3. Advantages and disadvantages of the energy sources. 
Energy source Advantage Disadvantage 
Coal 
x Relatively high energy intensity 
x Low cost fuel  
x High CO2 emission factor 
x Complex fuel supply chain 
x Flue gas contaminants 
x External energy plant needed 
x Increased size of CO2 capture plant 
Natural gas (LNG) 
x High energy intensity 
x Low CO2 emission factor 
x No contaminants in flue gas (other than CO2)
x Less complex energy plant 
x Less complex fuel supply chain 
x Relatively high fuel prices 
x External energy plant needed 
Biomass 
x CO2 neutral 
x If considered neutral, it could give net 
reduction of CO2 in the atmosphere when 
captured  
x External energy plant needed 
x Complex fuel supply chain 
x Could be considered to be a limited resource  
Electricity (hydro power) 
x No additional CO2
x No external energy plant 
x Relatively easily accessible 
x Relatively cheap from the grid in Norway 
x Renewable energy source 
x Increased load on the electricity grid (CO2
neutral electricity might be limited) 
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The consequences of including the CO2 generated in the external energy plant for capture is increased size of 
capture and energy plant. Finding the final size of both plants is an iteration process. The most important assumption 
is that all of the CO2 produced in the energy plant is captured. This is necessary in order to maintain a capture rate of 
85% from the aluminium production. This premise is included in all of the calculations and estimations. Biomass is 
in this study considered to be CO2 neutral. In order to also illustrate the benefit of utilizing waste heat, calculations 
and estimations without waste heat (WH) are also included. The results from the iteration processes for the different 
fuels with and without waste heat are given in Fig. 4 and Table 4 for the 160 kt CO2/year aluminium plant with a 
process gas CO2 concentration of 4 vol%. 
Fig. 4. Reboiler duty and total energy consumption. 
The results of the calculations, (Fig. 4), with the current assumptions of the capture plant and the energy plant 
show that the utilization of waste heat reduces the overall energy consumption as expected. When comparing the 
different fuels used, it is clear that coal generates more CO2 that natural gas resulting in a somewhat smaller energy 
plant for natural gas.  
Table 4. Results from the iteration process. 
Energy source 
CO2 from aluminium 
production (kt/yr) 
CO2 from energy 
plant (kt/yr) 
Actual 
capture rate (%) 
Fuel 
consumption 
Coal w/WH 160 45 88.3 16 kt/yr 
Coal w/o WH 160 107 91 38.5 kt/yr 
Natural gas (LNG) w/WH 160 20 86.7 10.5e6 Sm3/yr 
Natural gas (LNG) w/o WH 160 50 88.5 25.5e6 Sm3/yr 
Biomass w/WH 160 - 85 18.5 kt/yr 
Biomass w/o WH 160 - 85 45 kt/yr 
Electricity w/WH 160 - 85 90 GWh 
Electricity w/o WH 160 - 85 180 GWh 
The results in Table 4 represent key numbers from the calculations giving additional CO2 produced due to energy 
generation, the actual capture rate as well as fuel consumption.  
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The associated CO2 capture costs based on the current assumptions and the results from Fig. 4 and Table 4 are 
presented in Fig. 5. Capture cost estimates are calculated assuming that 85% of the CO2 generated during aluminium 
production is captured as well as all the CO2 generated in the external energy plant. The estimated capture costs are 
then only divided by the CO2 amount originating from the aluminium production when calculated the cost in €/t CO2
captured E.q.1. 
ܶ݋ݐ݈ܽܥ ଶܱܿܽ݌ݐݑݎ݁ܿ݋ݏݐሺ̀ ݐΤ ሻ כ ܶ݋ݐ݈ܽܽ݉݋ݑ݊ݐ݋݂ܥ ଶܱܿܽ݌ݐݑݎ݁݀ሺݐ ݕݎΤ ሻ
ܣ݉݋ݑ݊ݐ݋݂ܥ ଶܱ݂ݎ݋݉݈ܽݑ݉݅݊݅ݑ݉݌ݎ݋݀ݑܿݐ݅݋݊ሺݐ ݕݎΤ ሻ
(1)
Fig. 5. Results from the cost estimation.  
First and foremost the results show that utilization of the waste heat from the aluminium production could give 
considerable savings. A comparison of the results from the different energy source options when waste heat is 
utilized show that there are relatively small differences in costs. The least costly is biomass (neutral CO2) because 
this option generates no additional CO2. Natural gas is slightly more costly than coal. The main reason for this is that 
compared to coal, natural gas has a higher cost per unit fuel, resulting in considerably higher annual operational 
costs. The differences in the costs when disregarding waste heat from the aluminium production are more 
pronounced. Again the CO2 neutral biomass option is least costly, followed by coal and natural gas.   
In a real world situation a fuel type already being part of the existing plant infrastructure would probably be the 
preferred choice, but keeping in mind that expansion is likely needed. For the aluminium plant considered here the 
electricity consumed during aluminium production is based on hydro electricity. However, in addition to the costs 
there are other aspects, see Table 3, that might affect the choice of energy source. Using electricity directly as 
energy input to the CO2 capture plant could be applicable in some cases. The infrastructure, energy plant, flue gas 
treatment (NOX, SOX, dust removal) and ash handling needed for coal and biomass is more complex than for natural 
gas. Therefore a natural gas fired energy plant is often recommended. 
The cost of capturing CO2 from the aluminium plant using only the energy extracted from the waste heat, was 
also investigated for comparison reasons. Here, energy for CO2 compressors and process gas fan is electricity from 
the grid. The estimated capture cost, with the current assumption, is 50 €/t CO2 captured. On top of this, it is 
assumed that CO2 quotas are bought to achieve the goal of 85% total capture rate. This will with an assumed EU 
ETS price at 6 €/t CO2 give an additional cost of 1.5 €/t CO2 captured, adding up to a total estimated cost of 51.5 €/t 
CO2 captured.  
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4. Conclusion  
Integration between aluminium production and post-combustion CO2 capture has been assessed technically and 
economically. The two integration tasks undertaken was 1) configuration and location of the CO2 capture plant on 
the aluminium production site, 2) energy supply for CO2 capture (desorber reboiler, process gas fans and CO2
compression).  
Aluminum plants are usually elongated with distributed emissions with potentially hundreds of meters between 
emission points. The most commonly discussed configuration is to have a common absorber, desorber and CO2
compression plant. However, it was found that there is flexibility in both configuration and location options for the 
CO2 capture plant from a CO2 capture cost perspective. Space limitations and technical possibilities/limitations seem 
to be the major drivers for optimal integration between the aluminium and the CO2 capture plant.  
Post-combustion CO2 capture is energy intensive and energy must be supplied for desorber reboiler, process gas 
fans and CO2 compression. Approximately 65% of the CO2 from the aluminium production could be captured by 
utilizing available waste heat. In order to capture the remaining 15% other energy sources had to be included. The 
most likely solution is either to include an energy plant or to buy electricity from the grid. The fuel options for the 
external energy plant includes, coal, natural gas and biomass. In order to achieve 85% capture rate from the 
aluminium production the CO2 from the energy plant must also be captured. Biomass, when assumed to be neutral, 
was found to be the least costly option. However, as this assumption is uncertain both coal and natural gas can be 
alternatives. The results show that of these two fuels, coal is less costly. This is because natural gas prices are higher 
per unit fuel compared to coal, giving a higher annual operational cost. However, the natural gas has some major 
advantages compared to coal as coal has more complex infrastructure, energy plant, flue gas treatment (NOX, SOX
and dust removal) and ash handling.  
For the aluminium plant considered here, the likely choice would be waste heat utilization with an external 
natural gas fired energy plant assuming that 85% capture rate is needed.   
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